Azospirillum brasilense plays an important role in biological nitrogen fixation (BNF) in grasses. However, further studies are needed to define how much mineral N can be applied while simultaneously maintaining BNF contribution and maximizing crop yield and to determine the impact of these practices on soil fertility. Thus, we aimed to investigate the effect of inoculation with A. brasilense, in conjunction with varying N doses and sources in a Cerrado soil, on soil chemical attributes after two years of irrigated wheat production. The experiment was initiated in Selvíria -MS under no-tillage production in an Oxisol in 2014 and 2015. The experimental design was a randomized block design with four replications, and treatments were arranged in a 2 x 5 x 2 factorial arrangement as follows: two N sources (urea and Super N -urea with inhibitor of the enzyme urease NBPT (N -(n-butyl thiophosphoric triamide))), five N rates (0, 50, 100, 150 and 200 kg ha -1 ), and with or without seed inoculation with A. brasilense. The increase in N rates did not influence the chemical soil attributes. Super N acidified the soil more compared to urea. A. brasilense inoculation reduced the effect of soil acidification in intensive irrigated wheat cultivation; however, the base extraction was higher, resulting in a lower soil CEC after cultivation with inoculation. Therefore, the cultivation of wheat inoculated with A. brasilense was not harmful to soil fertility because it did not reduce the base saturation and organic matter contents of, P, K, Ca, Mg, and S. Key words: Biological nitrogen fixation. No-tillage system. Soil fertility. Triticum aestivum. Urease inhibitor.
Introduction
In the 2015 growing season, the Brazilian area under wheat production was 2.5 million hectares, with production of 6.65 million tons and productivity of 2.68 t ha -1 . The south region was responsible for approximately 90% of national production (CONAB, 2015) . However, wheat has been introduced gradually to the Cerrado region, which has great growing potential for wheat due to its strategic position, manufacturing capacity, and climatic conditions; these conditions allow wheat to be harvested in the off-season. However, many soils cultivated with wheat in the Cerrado region and in the São Paulo State are acidic and have low fertility, which limit grain yield.
Proper nitrogen fertilization is difficult to manage; achieving high yields in cereal crops such as wheat requires large amounts of fertilizer (TEIXEIRA FILHO et al., 2014) and the adequate management of soil fertility.
Nitrogen determines the number of wheat tillers and is essential in the formation phase of the nodes and at the beginning of stretching. Therefore, N is the limiting nutrient in wheat yield. Plants use only approximately 50% of the nitrogen fertilizer applied, with half of the application being lost through volatilization, leaching, and denitrification. In this context, there is a possibility to increase nitrogen fertilization efficiency with the use of NBPT inhibitor (N-(n-butyl) thiophosphoric triamide), which works by inhibiting the hydrolysis of urea and significantly reducing the loss of NH 3 , both of which are dependent on the climatic conditions.
Among the products tested as urease inhibitors, NBPT had the best results. However, most studies conducted in Brazil have shown that combination treatments with urea and urease inhibitors and treatments with only conventional urea have the same nutritional efficiency and produce similar wheat yields (TEIXEIRA FILHO et al., 2011) . This finding has not been observed in some studies that were carried out in temperate countries (CANTARELLA et al., 2008) likely because the inhibitory action of urease is not effective in reducing NH 3 losses by volatilization that occur when the urea is applied to the surface of soils and because the action of NBPT depends on environmental conditions (temperature and pluvial precipitation) and the physicochemical characteristics of the soil.
Due to the large area occupied by cereal crops, BNF is extremely important, even if only part of the N demand can be supplied. Therefore, due to the high cost of fertilizers and the increased awareness of sustainable agriculture, the use of inoculants containing bacteria that promote plant growth and productivity might be an alternative (HUNGRIA, 2011) .
In the literature, there are studies confirming that Azospirillum brasilense produces phytohormones that stimulate the growth of roots in several plant species (TIEN et al., 1979) and, consequently, improve grass nutrition in crops such as corn (GALINDO et al., 2016) . However, in most studies with seed inoculation that show one or more benefits due to inoculation, soil fertility is generally not researched, and this understanding is relevant to subsequent crops. Moreover, studies to define how mineral N from conventional sources can be applied with improved efficiency in order to succeed in BNF and achieve high productivity as well as studies to analyze the effects of these combinations on soil chemical attributes have been performed.
Considering the above information, this study aimed to evaluate the effect of inoculation with A. brasilense, in conjunction with varying doses and sources of nitrogen, on soil chemical attributes after two consecutive years of irrigated wheat production in the Cerrado region.
Material and Methods
The experiment was conducted in an area belonging to the Faculty of Engineering -UNESP, located in Selvíria -MS, with an altitude of 335 m. The soil at the experimental site was classified as an Oxisol (Latossolo Vermelho Distroférrico) with a clay texture according to Embrapa (2013) . The site was cultivated with annual crops for over 27 years. For the last 10 years, a no-tillage system was used, and the previous crop before wheat was corn, which was cultivated in both 2014 and 2015. Additionally, this area had been cultivated with only grass crops for six years. The average annual temperature was 23.5 °C, and the average annual pluvial precipitation was 1370 mm, with annual relative air humidity averaging between 70 and 80%. Figure 1 shows the climatic conditions throughout the experiment.
The experimental design was a randomized block design with four replications, and treatments were arranged in a 2 x 5 x 2 factorial arrangement as follows: two N sources (urea and Super N -urea with inhibitor of the enzyme urease NBPT (N -(n-butyl thiophosphoric triamide))), five N rates (0, 50, 100, 150 and 200 kg ha The experimental plots were 6 m in length with 12 wheat rows at a spacing of 0.17 m between rows. The center eight rows were data rows, and excluded all rows 0.5 m from the ends. In the field, the herbicides glyphosate (1800 g active ingredient (ai) ha -1 ) and 2,4-D (670 g ai ha -1 ) were applied for desiccation two weeks prior to both wheat plantings. The methods proposed by Raij et al. (2001) After soil chemical analysis, 2.5 t ha -1 of dolomitic limestone (with 88% relative total neutralizing power) was directly applied as topdressing 65 days before wheat was sown in 2014 in order to elevate the base saturation to 70% as recommended by Cantarella et al. (1997) . During sowing, an 8-28-16 formulation fertilizer was applied at 350 kg ha -1 in both wheat plantings based on soil analysis and wheat demand.
Inoculation of wheat seeds with the bacteria A. brasilense AbV5 and AbV6 strains (guaranteed 2 x 10 8 CFU ml -1 ) was performed using a dose of 300 ml of liquid inoculant per hectare of wheat seeds with the aid of a clean cement mixer. The inoculant was mixed with the seeds one hour before the seeds were planted, in the shadow and after the seeds were treated with an insecticide.
The experiments were conducted under a notillage system in an area irrigated by a center pivot sprinkler system. The water coverage was 14 mm over a period of approximately 72 h for both crops as needed. For weed management, an application of metsulfuron methyl (3.0 g ha -1 a.i.) was applied 20 days after plant emergence (DAE) for both crops. Nitrogen fertilizer topdressing was added on 06/26/2014 and 06/22/2015, at 35 and 32 DAE, by manually distributing the fertilizer on the soil surface (without incorporation). Fertilizer was applied to the side and approximately 8 cm from the rows in order to avoid plant contact with the fertilizer. Next, the topdressed area was irrigated by sprinkling (14 mm of water coverage) at night to minimize N losses by volatilization of NH 3 , which is common in irrigated wheat crops. The harvest was performed manually on 09/09/2014 and 08/09/2015 at 110 DAE.
Soil fertility evaluations were performed soon after the crop was harvested. Soil samples were collected from a soil layer 0-0.20 m deep with a soil auger, with five subsamples per plot. Soil fertility evaluations determined the following: the P, K, Ca, Mg, S, and organic matter (OM), pH in CaCl 2 , potential acidity (H + Al), base sum (BS), cation exchange capacity (CEC), base saturation (V%) and percentage of CTC occupied by Ca and Mg according to the methodology of Raij et al. (2001) .
The results were subjected to analysis of variance and Tukey's test (p ≤ 0.05) for multiple comparisons of means of N sources and of inoculation with or without A. brasilense. When the value of the F-test was significant for N doses, regression analyses were performed using SISVAR statistical software (FERREIRA, 2011) .
Results and Discussion
The F-test values of soil chemical attributes in terms of doses and sources of N and inoculation with Azospirillum brasilense, in addition to the interactions between factors (doses and sources, doses and inoculation sources and inoculation and doses, sources and inoculation), are shown in Table 1 .
The contents of OM, P, K, S, Ca, Mg, percentage of CTC occupied by Ca and Mg, pH, H + Al, BS, CEC and V% were not influenced by the increase in N rates (Table 2) . That is, after the harvest of wheat crops in this no-tillage system, where higher doses of N were applied, soil acidification and reduced OM contents and nutrients were not observed.
In contrast, Lange et al. (2006) reported that nitrogen fertilization with urea initially caused an increase in pH, especially around the granules of fertilizer. However, after the nitrification of ammonium due to urea hydrolysis, the pH decreased to less than the original value. According to Costa et al. (2008) , acidification that is promoted by the use of nitrogen fertilizers can also change other soil chemical attributes, such as increasing exchangeable Al and reducing the effective CEC and exchangeable bases. Consequently, these changes increase the need for liming. However, these changes in soil chemical attributes were not observed in this study, which is probably because a no-tillage system was consolidated in the experimental area.
According to Malavolta (2006) , in addition to nitrification, cation uptake by the roots also promotes acidification by the extrusion of H + from cells into the soil. Furthermore, according to the author, cultivation time can influence soil acidification and is likely due to the leaching and extraction of bases by plants, the exudation of organic acids by the roots, and the hydrolysis of Al, which, consequently, increases the H + Al contents. These results have not been verified in this work but are likely because the experimental area was under a no-tillage system and was stabilized because applications of lime were applied two months before wheat was sown, and because mineral fertilization (P and K) was applied at planting. The no-tillage system can minimize the acidifying effects of nitrogen fertilizer by increasing the OM of the soil, which encourages the formation of amphoteric compounds that act as a buffer for soil pH changes and increase the ionic strength of the soil solution by increasing the exchangeable bases in the surface layer (SIQUEIRA NETO et al., 2009) . The results of this experiment were similar to those observed by Sarmento et al. (2008) , who tested the effects of N doses (0, 150, 300 and 450 kg ha -1 ) on millennium grass over five years of application and found no effect of doses on pH, OM, P, K, Ca, Mg, CEC, and V% at both the beginning and end sampling periods of the experiment. In contrast, Costa et al. (2008) studied the effects of N doses (0, 100, 200 and 300 kg ha -1 per year) on forage grass using urea and ammonium sulfate as sources and found that three years of nitrogen fertilization application increased the soil pH and OM as N doses increased. Overall, in this study, the N sources did not influence the soil chemical attributes except the percentage of CEC occupied by Mg, H + Al and V% in 2014 and the K content in the soil in 2015. Urea provided a greater percentage of CEC occupied by Mg and V% in 2014 and greater K content in 2015, while Super N caused higher H + Al in the soil in 2014 (Table 2) . NBPT tends to be less efficient at high temperatures due to increased urease activity, leading to a greater dissolution of the granules and, consequently, greater evaporation from the soil solution, which causes the movement of NH 3 towards the surface (RAWLUK et al., 2001) . With a higher concentration of NH 3 at the surface and after the formation of NH 4 + and the nitrification process, it is possible that Super N acidified soil more compared to urea in the surface layer. This finding may explain the reduction in the percentage of Mg and the increase in H + Al. However, in 2015, there were no differences between the sources numerically; Super N-treated soil was more acidic than the urea-treated soil, with the same trend as the previous crop. Another possible explanation that takes into account soils with a pH below 6.3, urease catalyzes the following reaction CO(NH 2 ) 2 + 2H (Table 2 ). The soil CEC was amended by inoculation in 2014, where treatments that were not inoculated showed higher CEC compared to treatments that were inoculated with A. brasilense. The BS and H + Al are the components of CEC, and in 2014, both attributes were lower when A. brasilense was applied, although not significantly different. However, when considered together with the CEC, the difference was noted, and BS was more determinant due to greater uptake and export of Ca and Mg by wheat inoculated with A. brasilense. Although the CEC was not influenced by inoculation in 2015, numerically, the inoculated treatments had lower CEC compared to treatments that were not inoculated, following the same trend in 2014. It is noteworthy that there was no difference in the amount of BS between inoculated treatments and treatments that were not inoculated in 2015 mainly due to the fact that uptake and removal of Ca and Mg were very similar between treatments. Notably, there were no significant differences between treatments that were inoculated or not inoculated. The differences in CEC values of the un-inoculated treatments compared to the inoculated treatments were 9.31 and 5.42 mmol c dm In 2015, the inoculation influenced the percentage of CEC occupied by magnesium, pH and H + Al in the soil, leading to a higher percentage of Mg in the CEC, a higher pH, and a lower H + Al (Table 2) . By reducing soil acidity, increasing the availability of Mg in CEC, and increasing base saturation, soil fertility can be positively affected. According to Dickmann (2015) , inoculation with A. brasilense promoted an increase in the dry weight of oat roots, indicating that inoculation promoted further development of the radicular system, allowing it to exploit a larger volume of soil, and therefore utilizing more nutrients and water, which would reduce the nutrients content and increase the acidity of the soil. However, this phenomenon was not observed in this study, even though we observed that leaves of wheat plants that were inoculated had higher levels of some nutrients, such as P (data not shown). This finding may be explained by the ability of these diazotrophic bacteria to solubilize some of the phosphate fixed in iron and aluminum oxides.
Examining the values of P, K, Ca, Mg and S contents as well as pH and V% values, there were average P and S contents in 2014, as well as average pH and V% values (16-40 mg dm -3 P; 5-10 mg dm -3 of S; CaCl 2 pH 5.1-5.5, 51-70% of V, according to Raij et al. (1997) ). For K, Ca, and Mg in the soil, the contents were high (high values: 3.1 to 6.0,>. 7,>. 8 mmol c dm -3 of K, Ca and Mg, respectively, according to Raij et al. (1997) . The S content in 2015 was low, i.e., between 0-4 mmol c dm -3 (Table  1) , but it is noteworthy that the largest S content was found directly below the arable layer and that no noted deficiency was observed in wheat plants.
Another important aspect observed in this study was the average increase in OM content in the soil from 28.1 to 30.2 g dm -3 , an increase of 2.1% from the first crop to the second crop. This increase is high considering that most Cerrado soils where agriculture is practiced have low OM contents and that the native vegetation has been removed for decades.
In no-tillage systems, in the absence of tilling the soil, crop rotation and retention of crop residues on the surface favor aggregation that protects mineralization and promotes increased OM (CONCEIÇÃO et al., 2005) . Due to increased decomposition at high temperatures, decomposition of the organic material in this research may have been effected.
In a study that examined the effect of N and S fertilization for two years on the recovery of Brachiaria brizantha cv. Marandu pasture in a Quartzarenic Neosol, Oliveira et al. (2005) observed a decrease in the soil OM content as a function of time. It is worth noting that a pasture system with straw cannot be compared to a no-tillage system with regard to organic material and soil cover. Pavinato and Rosolem (2008) observed that wheat grown in a no-tillage area for over 10 years resulted in increased OM content, mineralization and nutrient cycling. Additionally, these authors found that there was nutrient accumulation in the surface layers of soil in their no-tillage system likely due to the decomposition of organic material and nutrient release into the upper layers. The OM has the ability to retain nutrients, such as potassium, calcium and magnesium, and may act as a reservoir for nitrogen, phosphorus, sulfur and boron, all of which can be available to crops during their cycle.
Conclusions
The increase in N rates did not influence the contents of OM, P, K, Ca, Mg and S, percentage of CEC occupied by Ca and Mg, pH, H + Al, BS, CEC and V%.
Super N can acidify the soil more than urea.
Inoculation with A. brasilense can reduce the effect of soil acidification on irrigated wheat cultivations; however, base extraction was higher, resulting in lower soil CEC after cultivation with inoculation.
The cultivation of wheat inoculated with A. brasilense is not harmful to soil fertility because it does not reduce the base saturation and organic matter content (P, K, Ca, Mg, and S).
